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C/EBPp (CCAAT/enhancer-binding protein ) is a transcriptional
regulator of the UCP1 (uncoupling protein-1) gene, the specific
marker gene of brown adipocytes that is responsible for their
thermogenic capacity. To investigate the role of C/EBPS in brown
fat, we studied the C/EBPS-null mice. When placed in the cold,
C/EBPB~/~ mice did not maintain body temperature. This
cold-sensitive phenotype occurred, although UCP1 and PGC-
la (peroxisome-proliferator-activated receptor y co-activator-1o)
gene expression was unaltered in brown fat of C/EBPB~/~ mice.
The UCP1 gene promoter was repressed by the truncated inhibi-
tory C/EBPS isoform LIP (liver-enriched transcriptional in-
hibitory protein, the truncated inhibitory C/EBPS isoform). Since
C/EBPg-null mice lack both C/EBPS isoforms, active LAP (liver-
enriched transcriptional activatory protein, the active C/EBPS
isoform) and LIP, the absence of LIP may have a stronger effect
than the absence of LAP upon UCP1 gene expression. Gene ex-
pression for UCP2 and UCP3 was not impaired in all tissues
analysed. In primary brown adipocytes from C/EBPB~/~ mice, in-

duction of gene expression by noradrenaline was preserved.
In contrast, the expression of genes related to lipid storage was im-
paired, as was the amount of triacylglycerol mobilized after acute
cold exposure in brown fat from C/EBPB~/~ mice. LPL (lipo-
protein lipase) activity was also impaired in brown fat, but not in
other tissues of C/EBPB~/~ mice. LPL protein levels were also
diminished, but this effect was independent of changes in LPL
mRNA, suggesting that C/EBPS is involved in the post-transcrip-
tional regulation of LPL gene expression in brown fat. In sum-
mary, defective thermoregulation owing to the lack of C/EBPS
is associated with the reduced capacity to supply fatty acids as
fuels to sustain brown fat thermogenesis.

Key words: brown fat, CCAAT/enhancer-binding protein S
(C/EBPp), lipid metabolism, lipoprotein lipase, peroxisome-pro-
liferator-activated receptor y co-activator lo (PGC-1), uncoupl-
ing protein (UCP).

INTRODUCTION

C/EBPs (CCAAT/enhancer-binding proteins) encompass a family
of transcription factors with structural and functional homologies.
They contain basic leucine zipper domains, and are able to homo-
and hetero-dimerize and to recognize common DNA-binding
elements [1]. Several members of the C/EBP family (e.g. C/EBP«,
C/EBPg and C/EBPS$) have tissue-restricted expression patterns
and have been involved in the regulation of metabolic homoeo-
stasis [2,3]. C/EBPgS is most abundantly expressed in liver, BAT
(brown adipose tissue) and WAT (white adipose tissue), reproduc-
tive tract and mammary gland [4-6]. Two C/EBPS isoforms are
generated from a single mRNA by regulated alternative translation
from in-frame AUG codons [7], the full-length active LAP (liver-
enriched transcriptional activatory protein, the active C/EBPS
isoform) and the truncated protein LIP (liver-enriched transcrip-
tional inhibitory protein, the truncated inhibitory C/EBPS iso-
form), which lacks the transactivation domain and behaves as a
dominant inhibitory protein [8].

Mice with a deletion in the gene for C/EBPS (C/EBPS~/") are
born at the expected Mendelian ratio [9,10], but a subset of homo-
zygous mice die of severe hypoglycaemia shortly after birth [11]
owing to defective hepatic mobilization of glycogen and gluco-
neogenesis [12]. The surviving adult mice lacking C/EBPS have
a compromised immune system and impaired bactericidal activity
of macrophages, and females are sterile [9,10]. In addition, adult

C/EBPB~/~ mice show decreased gluconeogenesis in liver and
lipolysis in WAT during fasting and diabetes [13,14], but increased
insulin sensitivity in skeletal muscle [15].

BAT is a major site for non-shivering thermogenesis in mam-
mals in response to both cold exposure and diet. Thus transgenic
mice with genetically ablated BAT are cold-intolerant and are
prone to develop obesity [16]. Most of the thermogenic capacity
of BAT is due to the presence of an inner mitochondrial protein
uniquely expressed in brown adipocytes, the UCP (uncoupling
protein), now referred to as UCP1, since the discovery of the more
widely expressed UCP2 and UCP3 (for review see [17]). UCPI
uncouples oxidative phosphorylation from the respiratory chain,
causing energy dissipation as heat [18], and mice with a deletion
in the gene for UCP1 are cold-intolerant [19]. BAT thermogenic
activity is mainly regulated by the sympathetic nervous system
innervating the tissue. Thus noradrenaline promotes UCP1 gene
expression mainly through the cAMP-mediated activation of
UCP1 gene transcription [20]. It also induces both lipolysis and
LPL (lipoprotein lipase)-mediated uptake of circulating triacyl-
glycerols, thus providing fatty acids, the major metabolic fuel,
for thermogenesis in the tissue. Moreover, fatty acids are direct
activators of the uncoupling activity of UCP1 in the mitochondria
[18]. In 1994, C/EBPa and C/EBPS were identified as the first
transcription factors involved in the regulation of UCP1 gene tran-
scription [21] and were proposed to play a major role in
the development of BAT [22]. Furthermore, the expression of
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C/EBPg, but not C/EBP«, is enhanced in BAT after cold exposure
[22]. While a critical role for C/EBP« in brown adipocyte differ-
entiation has been demonstrated in mice with targeted deletion of
the C/EBPa gene [23], the physiological role of C/EBPS in BAT
remains to be fully determined. Newborn C/EBPS-deficient mice
showed lower lipid accumulation in BAT than wild-type animals
[24]. The expression of UCP1 mRNA in BAT from C/EBPS~/~
late foetuses was described to be decreased, although the
expression of other adipogenic marker genes was unaltered [24].

In the present study, we report that C/EBPS~/~ mice are cold-
intolerant. Although loss of C/EBPB was expected to reduce
UCPI1 gene expression, present results indicate that UCP1 mRNA
is increased in BAT of cold-exposed C/EBPB~/~ mice and in
primary brown adipocytes from C/EBPB~/~ mice. In contrast, the
present results on defective lipid metabolism in C/EBPS~/~ BAT,
mainly the diminished LPL activity, point to an impaired supply
of fatty acids as the metabolic fuel for BAT thermogenesis.

EXPERIMENTAL
Experimental animals

The care and use of mice were in accordance with the European
Community Council Directive 86/609/EEC and were approved
by the Comité Etic d’Experimentacié Animal of the University
of Barcelona. The generation of the C/EBPS-null mice has been
described previously [9]. For the present study, C/EBPS~/~ mice
were maintained in the C57BL6 genetic background and they were
genotyped by Southern blot [9]. Mice were housed in micro-
isolator cages and kept in standard conditions of housing (12 h:
12 h light/dark cycles), feeding (B. K. Universal diet, Barcelona,
Spain) and environment temperature (21 & 1 °C), unless otherwise
indicated. Mice were 11-12 weeks old at the time of their use. To
determine the effects of cold exposure, mice were exposed to 4 °C
for 4 h. This time was chosen in order to conserve a representative
population of C/EBPS-null mice, as some individuals became
hypothermic after 4 h at 4 °C (see the Results section). Body tem-
perature was first measured at room temperature (21 °C) with an
electronic thermistor equipped with a rectal probe. Mice were then
transferred to a cold room at 4 °C, where the body temperature was
measured every 1 h until the rectal temperature dropped to 27 °C.

Cell culture and transfection assays

Primary culture of differentiated brown adipocytes was performed
as described previously [25]. Precursor cells were isolated from
the interscapular, cervical and axillary depots of BAT from either
wild-type or C/EBPB~/~ 21-day-old mice. Experiments were per-
formed on day 9 of culture, when 90 % of the cells were con-
sidered to be differentiated on the basis of lipid accumulation and
brown adipocyte morphology. Noradrenaline (Sigma) was added
at 0.5 uM for 4 h.

The HIB-1B brown adipocyte cell line was cultured and trans-
fected as reported previously [26]. The plasmid (—4551)UCP1-
CAT contains the region —4551 to 4 110 of the rat UCP1 gene
driving the promoterless chloramphenicol acetyltransferase
gene. The expression vectors containing the entire open-reading
frame of murine C/EBP proteins pMSV-C/EBP«, pMSV-C/EBPS
and pMEX-C/EBP$ were a gift from Dr S. McKnight (Department
of Biochemistry, University of Texas Southwestern Medical
Center, Dallas, TX, U.S.A.) and Dr P. Johnson (Laboratory of
Protein Dynamics and Signaling, NCI-Frederick, Frederick, MD,
U.S.A.) respectively. Dr U. Schibler (Department of Molecular
Biology and NCCR Frontiers in Genetics, Sciences III, University
of Geneva, Geneva, Switzerland) kindly provided the expression
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vectors pCMV-LAP and pCMV-LIP, specific for either LAP or
LIP. Each transfection contained 0.5 ug of UCP1-CAT, 0.2 ug of
either C/EBP expression vector and 0.1 g of cytomegalovirus
B-galactosidase as internal control for variation in transfection
efficiency. Enzymatic activities were measured as described
previously [26].

Northern blot analysis

Total RNA was isolated and Northern blot analysis was performed
as reported previously [23]. Blots were stripped and rehybridized
sequentially as required in each case. Autoradiographs were
quantified by densitometric analysis using the Phoretics 1D soft-
ware (Phoretics International).

Preparation of protein extracts and Western blot analysis

BAT was homogenized in cold buffer A (5§ mM Tes, pH 7.2, and
0.5 mM PMSF) containing 0.25 M sucrose. The homogenates
were centrifuged at 1500 g for 10 min at 4 °C, and the pellet of nu-
clei was resuspended in buffer A (nuclear extract). The super-
natant was then centrifuged at 8500 g for 10 min at 4°C, and
the pellet of mitochondria was resuspended in buffer A (mito-
chondrial extract). The final supernatant was the cytosolic/mem-
brane extract. Western blot analysis was performed as reported
previously [23]. Immunological detection was performed using
antibodies directed against C/EBPx (a gift from Dr S. L.
McKnight), C/EBPS and C/EBP§ (C-19 and C-22; Santa Cruz
Biotechnology), UCP1 (a gift from Dr E. Rial, Centro de In-
vestigaciones Bioldgicas-CSIC, Madrid, Spain), B-actin (clone
AC-15; Sigma), GLUT4 (a gift from Dr A. Zorzano, Department
of Biochemistry and Molecular Biology, University of Barcelona,
Barcelona, Spain) and LPL (a gift from Dr M. Robert, Department
of Biochemistry and Molecular Biology, University of Barcelona,
Barcelona, Spain).

Assessment of brown fat composition and enzyme activities

Protein concentration was determined by the micromethod of Bio-
Rad using BSA as standard. Total lipid extraction was performed
on BAT [27], and triacylglycerol content was measured in the
lipid extract using the GPO-Trinder reagent kit from Sigma.
Cytochrome oxidase activity was measured as described pre-
viously [28]. Protein content and cytochrome oxidase activity
were determined in both tissue homogenates and mitochondrial
preparations. The calculated recovery of cytochrome oxidase
activity in each sample was used to determine the amount of mito-
chondrial protein in the tissue. LPL activity was measured in
tissue extracts and plasma as described previously [29]. One unit
of enzyme activity was defined as the amount of enzyme that
releases 1 umol of oleate/min at 25 °C.

Measurement of plasma metabolites

Blood was taken from the tail vein, and plasma was separated and
frozen. Plasma triacylglycerol levels were measured with the
GPO-Trinder reagent kit. Plasma concentrations of glucose and
L-lactate were determined enzymatically using specific reagent
kits from Sigma. Plasma non-esterified fatty acids were measured
using a colorimetric acyl-CoA synthase/acyl-CoA oxidase-based
method (Wako Chemicals).

Statistical analysis

Where appropriate, statistical analysis was performed by
Student’s ¢ test, and significance is indicated in the text.
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Table 1
mice

Body mass, and WAT and BAT mass in wild-type and C/EBPB~/-

Values are means + S.E.M. for 14-20 11-12-week-old mice per group. They were pair-matched
for litter originand sex. Statistical differences compared with wild-type mice values are indicated:
*P <0.05,**P < 0.01.

Wild-type C/EBPB=/~

Body mass (g) 249404 226+0.5*"
Epididymal WAT mass (mg) 32244408 204.7+19.7*
Epididymal WAT mass/body mass (mg/g) 123+14 8.8+0.8*
BAT mass (mg)

Interscapular 651+71 48.0+3.6"

Cervical 95407 714+03*

Axillary 463+3.7 345+1.7**
BAT mass/body mass (mg/g)

Interscapular 24+0.15 20+0.12°

Cervical 0.36+0.02 0.30+0.01**

Axillary 1.8+0.08 1.5+0.06™*

Table 2 Triacylglycerol and protein content, and cytochrome oxidase
activity in BAT from wild-type and C/EBPB~/~ mice

Values are means + S.E.M. for six to eight male mice per group. Statistical differences compared
with wild-type mice values are indicated: *P < 0.05; **P < 0.01.

Unit Wild-type C/EBPB~/~
Triacylglycerol mmol/g of interscapular BAT 0.41+0.03 0.39+0.02
pumol/total interscapular BAT ~— 26.8+2.1 185+09*
Protein mg/qg of interscapular BAT 8544139 1289+140"
mg/total interscapular BAT 55409 6.0+0.7
Mitochondrial protein mg/mg of protein 0.59+0.06 0.45+0.02*
mg/total interscapular BAT 0.75+0.05 0.76 +0.05
Cytochrome oxidase sumol/min per mg of protein 23+02 1.7+01*
activity pmol/min per mg of 47+03 39+02*
mitochondrial protein
mol/min per total 128+11 105+05*

interscapular BAT

RESULTS

Reduced BAT in C/EBPB~/~ mice is associated with lower
triacylglycerol content

To analyse how C/EBPS deletion affected BAT, we compared the
body mass and fat depots of 11-12-week-old C/EBPB ™/~ and sex-
matched wild-type littermates (Table 1). The average body mass
was significantly lower in C/EBPS~/~ mice, as was the amount
of epididymal WAT as reported previously [13], even when ex-
pressed relative to body mass. In heterozygous mice, these para-
meters, as well as further results analysed in the present study,
were similar to the wild-type ones (results not shown). The amount
of the three BAT depots examined was significantly lower in
C/EBPB~/~ mice. When expressed relative to body mass, their
mass remained significantly lower.

The decreased mass of BAT in C/EBPB~/~ mice was associated
with a significantly reduced triacylglycerol content, whereas the
protein content was not modified (Table 2). Mitochondrial protein
content was unaltered, but cytochrome oxidase activity was lower
in the BAT of C/EBPB~/~ mice than in wild-type controls, when
expressed as specific activity or as total tissue activity, indicating
a moderate decrease in the respiratory capacity of C/EBPB~/~
BAT mitochondria.

Thermoregulation is defective in C/EBPB—/— mice

The effects of C/EBPS deficiency on thermoregulation were
assessed by exposing mice to cold (4 °C). Sensitivity to cold was
measured as the percentage of mice that entered hypothermia, i.e.
reduced their rectal temperature by 10°C. Mice were removed
from the cold environment after a 10 °C fall in temperature, other-
wise they died. After only 4h of cold exposure, 20% of
C/EBPB~/~ mice were found to be cold-sensitive, whereas none
of the wild-type littermates showed this alteration. Longer per-
iods of exposure to cold resulted in a higher percentage of
C/EBPB~/~ mice unable to maintain body temperature: 42 %
(24 h), 49 % (48 h), 67 % (72 h) and 80 % (96 h) of the C/EBP3-
deficient mice entered hypothermia when kept at 4°C for up to
4 days. Only 10% of wild-type littermates were cold-sensitive
after the longest period of time studied. Heterozygous mice were
cold-resistant, similarly to wild-type mice. Males and females did
not show significant differences in cold sensitivity.

The induction of UCP1 gene expression by cold exposure is not
impaired in the brown fat of C/EBPS—/~ mice

As shown in Figure 1(A), the mRNA levels for UCP1 were similar
in BAT from wild-type and C/EBPB~/~ control mice at 21°C.
Acute cold exposure (4 h at 4°C) significantly increased UCP1
mRNA levels in wild-type mice, as reported previously [30].
UCP1 mRNA levels were significantly higher in cold-exposed
C/EBPB~/~ mice than in wild-type mice. The levels of UCP1
protein did not differ between wild-type and C/EBPB~/~ mice
(Figure 1B). Exposure to cold (4 h at 4°C) did not significantly
increase the content of UCP1 in either type of mice, as expected
for such a short-term exposure to cold owing to the known time
delay between the increase in UCP1 mRNA levels and that of
UCP1 protein in response to cold [31]. The subset of C/EBPB~/~
mice which did not enter hypothermia after 4 days at 4°C was
chosen to analyse the effects of longer exposure to cold. Under
these conditions, wild-type mice showed increased UCP1 mRNA
(4.2 £ 0.4-fold) and UCP1 protein (2.4 £ 0.3-fold) with respect
to mice kept at 21°C. As a result of this longer exposure to
cold, C/EBPB~/~ mice showed a significantly higher induction of
UCP1 mRNA (2.4 £ 0.2-fold increase in C/EBPB~/~ compared
with wild-type, both at 4°C for 4 days; P < 0.05) and of UCPI
protein levels (2.1 4 0.2-fold increase in C/EBPB~/~ compared
with wild-type, both at 4 °C for 4 days; P < 0.05).

The expression of UCP2 and UCP3 is not impaired in
mice lacking C/EBPS

UCP2 mRNA levels were significantly up-regulated in
C/EBPB~/~ compared with wild-type control mice at 21°C (Fig-
ure 1C). UCP2 mRNA levels in BAT were also increased by cold
exposure as described in [32], but higher levels were reached
in C/EBPB~/~mice. The lack of C/EBPS did not modify the
mRNA levels for UCP3 (Figure 1D). UCP3 mRNA expression
was not sensitive to cold exposure in wild-type, in agreement
with previous reports [32], or in C/EBPS~/~ mice.

To test whether the up-regulation of UCP2 mRNA due to the
lack of C/EBPS was specific for BAT, UCP2 mRNA expression
was determined in WAT, heart and spleen. All the tissues tested re-
vealed overexpression of UCP2 mRNA in C/EBPS~/~ compared
with wild-type mice (results not shown), indicating that the up-
regulation of UCP2 mRNA was not specific to BAT, but is an
overall phenomenon that is likely to be caused by indirect mech-
anisms, as occurred in tissues characterized by either high (BAT,
WAT and spleen) or low (heart) expression of C/EBPS. This effect
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Figure 1 Effects of cold exposure on uncoupling protein gene expression
in brown fat from wild-type and C/EBPo.~/~ mice

(A), (C) and (D) Northern blot analyses of total RNA extracted from the interscapular BAT
depot of wild-type (WT) or homozygous C/EBPB~/~ mice at room temperature (control;
21°C) or after cold exposure to 4°C for 4h (4°C). Data are expressed as a percentage
of the wild-type value, which was set to 1. Results are means + S.E.M. for three to four
independent analyses, each performed by comparing littermates. Statistical significance of
comparison between genotypes is shown as *P < 0.05, and between control and cold-exposed
mice as #P < 0.05. A representative Northern blot analysis is depicted beneath the histograms.
(B) Immunablot analysis of mitochondrial protein extracts isolated from interscapular BAT of
control or cold-exposed wild-type (WT) or C/EBPB~/~ mice as described above. Results are
means + S.E.M. for three independent analyses, each performed by comparing littermates. A
representative Western blot analysis is depicted, and the size of the signal obtained in kDa is
shown to the left of the blot.

may be related to the described role of UCP2 in macrophage-
mediated immunity [33], probably in compensation for the im-
paired capacity to activate macrophages in C/EBPB~/~ mice
[9,10]. However, when the levels of UCP2 protein were as-
sessed using a highly specific antibody, no differences between
genotypes were found in any tissue (F. Villarroya, B. Miroux
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and D. Ricquier, unpublished work), which is consistent with the
complex post-transcriptional mechanisms of UCP2 gene regu-
lation [34]. UCP3 mRNA levels in skeletal muscle, the major site,
together with BAT, of UCP3 gene expression, were unaltered in
C/EBPB~/~ mice (results not shown).

The expression of adipogenic marker genes is unaltered
in BAT of C/EBPB—/~ mice

The mRNA levels for PEPCK (phosphoenolpyruvate carboxy-
kinase), aP2/aFABP (cytosolic fatty-acid-binding protein) and the
glucose transporter GLUT4, marker genes of adipose differen-
tiation whose gene promoters are targets of C/EBP transcription
factors, were unaltered in BAT from C/EBPS~/~ mice (Figure 2A).
The abundance of GLUT4 protein was also unaltered in the BAT of
C/EBPB~/~ mice (results not shown). In contrast, the expression
of the FAS (fatty acid synthase) gene was significantly decreased
in the BAT of C/EBPB~/~ mice. Cold exposure also down-
regulated FAS mRNA expression, as was found in C/EBPB~/~
mice.

The expression of the PPARy (peroxisome-proliferator-activ-
ated receptor y), a master regulator of adipose differentiation,
was not modified in the BAT of C/EBPB~/~ mice (Figure 2B).
Cold exposure tended to decrease PPARy mRNA levels, although
the difference was not significant. No differences were observed
between genotypes.

We next analysed the expression of the PGC-1a (PPARy co-
activator-1w) gene, as it plays a critical role in co-ordinating the
BAT adaptive thermogenic response at the transcriptional level
[35]. As shown in Figure 2(C), levels of PGC-lo mRNA were
dramatically increased upon cold exposure, as described pre-
viously [35]. The expression of PGC-1oo mRNA in the BAT of
C/EBPB~/~ mice was similar to that in wild-type littermates.

Thus the lack of C/EBPS did not alter the expression of gene
markers of adipose differentiation in BAT, including UCP1, the
brown-fat-specific gene responsible for adaptive thermogenesis,
and only the expression of FAS mRNA was impaired.

Expression of neither C/EBP« nor C/EBPS increased
in BAT of C/EBP~/~ mice

The expression of C/EBPa and C/EBPS mRNA was not modified
in C/EBPB~/~ mice (Figures 3A and 3C). Furthermore, acute cold
exposure significantly increased C/EBP§ mRNA in the BAT of
mice from both genotypes, whereas C/EBPo mRNA levels tended
to be decreased. Cold exposure significantly reduced the protein
content of C/EBPa in both genotypes (Figure 3B). C/EBP§
amount did not differ between genotypes either (Figure 3D). Thus
the lack of C/EBPB was not compensated by increased ex-
pression of C/EBP« or C/EBPS in BAT.

The induction of gene expression by noradrenaline is preserved
in C/EBPB—/~ primary brown adipocytes

To determine whether gene expression in BAT from C/EBPB~/~
mice was characteristic of differentiated brown adipocyte cells
and not due to extra-tissue effects, we performed primary cul-
tures of brown adipocytes. Cells differentiated in culture from
precursor cells were obtained from either wild-type or C/EBPS~/~
BAT. No major differences in the differentiation process were
observed. When gene expression was analysed on day 9 of culture
(fully differentiated brown adipocytes), C/EBPS~/~ cells showed
a slightly diminished lipid content in direct correlation with
decreased mRNA expression of genes for lipid metabolism such
as aP2/aFABP (0.45 4 0.12 in comparison with the wild-type cell
value which was set to 1; P < 0.05), FAS (0.48 £0.09; P <0.05)
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Figure 2 Effects of cold exposure on the expression of adipogenic marker
genes in brown fat from wild-type and C/EBPB~/~ mice

(A) mRNA levels in brown fat of the indicated metabolic genes. (B) and (C) Expression of
the mRNA for PPARy (B) and for the thermogenic co-activator PGC-1« (C) as evaluated by
Northern blotting. For experimental and statistical details, see the legend to Figure 1.

and LPL (0.70£0.09; P <0.05), whereas the expression of
PEPCK and GLUT4 mRNAs was unaffected (0.9440.11 and
1.06 £ 0.08 respectively). In contrast, UCP1 mRNA levels were
significantly increased in C/EBPB~/~ brown adipocytes (Fig-
ure 4A). Treatment of cells with 0.5 uM noradrenaline for 4 h
significantly induced UCP1 and PGC-1« gene expression, which
was preserved in C/EBPB~/~ cells. Likewise, the decrease in
PPARy mRNA levels by noradrenaline, as reported recently [36],
was also preserved in C/EBPB~/~ cells. The expression of
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Figure 3 Effects of cold exposure on the expression of genes for C/EBPo
and C/EBPs in brown fat from wild-type and C/EBPB~/- mice

For experimental and statistical details, see the legend to Figure 1. (A) and (C) Northern blot
analysis. (B) and (D) Immunoblot analysis of nuclear protein extracts isolated from interscapular
BAT from wild-type (WT) or C/EBPB—/~ mice, exposed or not to 4°C for 4 h. The sizes of the
signals obtained and the position of cross-reactive molecules (CRM) are shown to the left of
the blots.

C/EBPa mRNA was unaltered, whereas C/EBPS mRNA levels
were increased by noradrenaline only in C/EBPS~/~ adipocytes
(Figure 4B).

Since the deletion of the gene for C/EBPS abolishes not only the
expression of LAP, but also that of LIP, the increased expression of
the C/EBPgS-target gene UCP1 may be due to the lack of negative
LIP rather than of active LAP. The relative abundance of full-
length C/EBPS in liver and brown fat of wild-type mice was
similar, but the amount of LIP was high in BAT and barely
detectable in liver (Figure SA), in agreement with previous reports
in rat [22]. Transient transfection experiments were performed to
analyse whether the UCP1 gene promoter is transactivated by
C/EBP isoforms. As reported previously [21], both C/EBP«
and C/EBPg transactivated the UCP1 gene promoter (Figure 5B).
C/EBPS showed a similar capacity to induce UCP1 gene trans-
cription. When expressed independently, LAP was 4-fold more
active than C/EBPS, whereas LIP blocked the C/EBPa-dependent
transactivation of the UCP1 gene promoter. Thus a major role of
LIP as a transcriptional inhibitor of the UCP1 gene is established.

© 2005 Biochemical Society
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Figure 4 Expression of genes for UCP1, co-activator PGC-1«, PPARy and
C/EBPs in primary brown adipocytes from wild-type and C/EBPB~/~ mice

Brown adipocytes differentiated in culture from precursor cells isolated from BAT from wild-type
(WT) or C/EBPB—/~ mice (day 9 of culture) were exposed (NE) or not (basal) to 0.5 M
noradrenaline for 4 h. Northern blot analyses were performed with 10 ..g of total RNA extracted
from three pooled plates. Results are means + S.E.M. for three independent experiments on
various cultures and are expressed relative to the untreated wild-type cells, which were setto 1.
Statistical significance of comparison between genotypes is shown as *P < 0.05, and between
basal and noradrenaline-treated cells as #P < 0.05.

Effects of cold exposure on plasma metabolites in C/EBPS—/— mice

When kept at 21°C, C/EBPB~/~ mice showed lower levels of
plasma glucose and non-esterified fatty acids, increased lactate
and similar triacylglycerol levels to those of wild-type littermates
(Table 3), as described previously [12-14]. When wild-type
mice were exposed to 4°C for 4 h, plasma glucose and non-
esterified fatty acid levels rose, whereas lactate and triacylglycerol
concentrations were not modified. The rise in plasma glucose due
to 4 h of cold was moderate in wild-type mice (approx. 20 %), but
much stronger in C/EBPS~/~ mice (approx. 70 %). Non-esterified
fatty acid levels were also increased as a consequence of cold ex-
posure in C/EBPB~/~ mice, but to an extent similar to that found
in wild-type mice. Lactate was not affected by cold in C/EBPB~/~
mice, and, in contrast with wild-type, C/EBPB~/~ mice showed a
significant rise in plasma triacylglycerol levels when exposed to
cold.

Reduced triacylglycerol store mobilization by cold exposure
in brown fat of C/EBPB~/~ mice

To test whether the lack of C/EBPS~/~ affects the capacity of
stored triacylglycerols to be mobilized in response to thermogenic
requirements, the effects of cold on triacylglycerol content in BAT
were determined. After 4 h of cold exposure, a similar reduction
(approx. 60 %) in the BAT triacylglycerol content was found
in both genotypes [wild-type, 27.9 2.3 umol/total interscapular
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Figure 5 Effects of C/EBP co-transfection on the expression of the UCP1
gene promoter

(A) Immunoblot analysis of nuclear protein extracts isolated from liver or interscapular BAT
from wild-type mice. Results are representative of two separate experiments. The sizes of the
signals obtained are shown to the right of the lanes. (B) HIB-1B cells were co-transfected with
0.5 19 of (—4551)UCP1-CAT along with 0.2 g of expression vector for G/EBPa, C/EBPB
or C/EBPS, or the expression vectors specific for either LAP (active full-length C/EBPB) or
LIP (truncated inhibitory C/EBPB), as indicated. pCMV-Bgalactosidase (0.1 x.g) was added to
each transfection as an internal control for transfection efficiency. Results are expressed as fold
change compared with those of control cells, and are the means for two to three independent
experiments, each performed in duplicate. Statistical significance of comparison between basal
and C/EBP co-transfected cells is shown as *P < 0.05, and between C/EBP« alone and C/EBP«
plus LIP as #P < 0.05.

Table 3 Plasma glucose, lactate, non-esterified fatty acid and triacyl-
glycerol levels in wild-type and C/EBPB~/~ mice

Plasma metabolite levels were measured in the fed state at room temperature (21°C) or after 4 h
at 4°C. Results are means + S.E.M. of six to eight male mice per group. Statistical differences
between wild-type and C/EBPB-null mice at the same temperature are indicated: *P < 0.05;
**P < 0.01. Significance between control and cold-exposed animals within the same genotype:
P <0.05, %P <0.01.

Wild-type C/EBPB—/~
21°C 4°C 21°C 4°C
Glucose (mM) 123+05 14,6405 97406  165+1.8*
Lactate (mM) 33402 29402 44+04* 49+0.6**
Non-esterified fatty 0584003  0.874004% 046+004* 0.7840.16
acids (mM)
Triacylglycerols (mM) 90407 82+04 91407 1124+15*

BAT (21°C) to 10.5 + 1.7 umol/total interscapular BAT (4°C at
4h); C/EBPB~/~, 17.8+ 1.0 umol/total interscapular BAT
(21°C) to 6.2 1+ 1.2 umol/total interscapular BAT (4°C at 4h)],
indicating that the activation of lipolysis is unaffected in
C/EBPB~/~ mice. In contrast, the absolute amount of triacyl-
glycerols mobilized due to cold in C/EBPB~/~ mice (11.6 umol
of triacylglycerol) was only two-thirds of the value in wild-type
mice (17.4 umol of triacylglycerol), thus indicating a reduction
of the overall endogenous fuel available for BAT thermogenesis
in C/EBPB~/~ mice.

Reduced basal and cold-induced LPL activity in brown fat
of C/EBPS—/~ mice

The activity of LPL, the major source of supply of circulating
fatty acids to sustain fuel oxidation for thermogenesis in BAT,
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Table 4 Effect of cold exposure on LPL activity in BAT, WAT, skeletal muscle, heart and plasma from wild-type and C/EBPB—/- mice

The activity of LPL was determined in the interscapular BAT, epididymal WAT, tibialis anterior skeletal muscle, heart and plasma as outlined in the Experimental section. Values are means + S.E.M.
of six to eight male mice per group. Statistical differences between wild-type and C/EBP8-null mice at the same temperature are indicated: *P < 0.05; **P < 0.01. Significance between control and

cold-exposed animals within the same genotype: #P < 0.01.

Wild-type C/EBPB~/~
LPL activity 21°C 4°0 21°C 4°0
m-units/g of tissue Interscapular BAT 35554403 775.3+29.4% 288.2423.1 42544 31.4*#
WAT 2655+354 149.2 + 8.8 227.0+37.2 163.0+10.7
Skeletal muscle 370+73 320+1.0 433429 55.3+9.8
Heart 2726+258 2855+355 263.7+179 25454225
m-units/mg of protein Interscapular BAT 72+08 16.5 +1.5% 55404* 72+1.1%
WAT 11.0+18 10.0+15 80+14 78409
Skeletal muscle 10+02 0.74+01 08+0.1 12403
Heart 48+04 42405 47403 50+05
m-units/ml of plasma 0.55+0.05 065+0.11 0.44+0.03 0.40+0.06*

was determined in basal conditions and after cold exposure in
BAT and other peripheral tissues from wild-type and C/EBPB~/~
mice.

The lack of C/EBPS did not significantly alter LPL activity in
WAT, skeletal muscle or heart when mice were kept at 21 °C, when
enzyme activity was expressed per g of tissue or per mg of protein
(Table 4). LPL activity in plasma was also unchanged. In contrast,
it was significantly reduced when expressed per mg of protein in
BAT from C/EBPB~/~ compared with wild-type mice. Cold ex-
posure of wild-type mice significantly enhanced LPL activity in
BAT, but not in any other tissue, in agreement with previous
reports [37]. The rise in LPL activity in BAT due to cold was
impaired in C/EBPB~/~ mice. Longer exposure to cold (15 h)
still resulted in higher LPL specific activity in BAT of wild-
type (15.4 m-units/mg of protein) compared with surviving
C/EBPB~/~ mice (6.5 m-units/mg of protein; P <0.05). LPL
activity was also impaired in mice kept at 21°C and in those
exposed to 4°C when expressed per whole interscapular BAT
depot, as an index of the overall capacity of the tissue for fatty
acid uptake (Figure 6C). However, when LPL RNA was deter-
mined, C/EBPB~/~ and wild-type mice did not differ in basal
or in cold-exposed conditions (Figure 6A), when LPL mRNA
abundance was doubled in both genotypes. In contrast, LPL pro-
tein mass decreased paralleling changes in activity (Figure 6B),
indicating that the lack of C/EBPgS affects LPL activity at a post-
transcriptional level.

DISCUSSION

Mice homozygous for a deletion of the gene for C/EBPS have
been reported to show impaired macrophage activity and altered
glucose homoeostasis [9-14]. In the present study, we establish
that C/EBPB~/~ mice are cold-intolerant. The production of heat
by non-shivering thermogenesis in BAT is required to maintain
body temperature in rodents. UCP1 plays a crucial role in this
process, and mice with targeted inactivation of this gene are
intolerant to cold [19]. Adrenergic regulation of BAT is also re-
quired, since mice deficient in noradrenaline by targeted deletion
of the dopamine B-hydroxylase gene also have defective thermo-
regulation [38]. However, present results indicate that C/EBPB~/~
mice are cold-intolerant, although neither UCP1 expression nor
the adrenergic-mediated responses to cold are impaired in BAT.
The expression of genes described to be targets of C/EBP-
dependent regulation of transcription in vitro, such as PEPCK and
GLUTH4 [39,40], is unaffected in BAT and primary brown adipo-
cytes of C/EBPB~/~ mice. Furthermore, the expression of UCP1 is

highly increased in response to cold and in primary brown adipo-
cytes lacking C/EBPS. Neither C/EBP« nor C/EBPS are over-
expressed in compensation for the lack of C/EBPS, indicating
either that C/EBPS is not required to regulate these genes or that
C/EBP« and/or C/EBPS may be redundant to C/EBPS at their
normal levels of expression. However, expression of C/EBPS is
significantly induced by cold in C/EBPB~/~ BAT and also by
noradrenaline treatment in primary brown adipocytes, suggesting
that C/EBPS mediates the activation of UCP1 gene expression.
Thus different sensitivity to C/EBP§ and/or LIP (see below) may
explain the different behaviour observed in the expression of the
C/EBP-target genes in BAT.

Similar behaviour to UCP1 has been described for another
C/EBPp-target gene, the interleukin-6 gene, whose gene ex-
pression is enhanced by deletion of the gene for C/EBPS [41].
Since C/EBPB-null mice lack both C/EBPS isoforms, LAP and
LIP, the absence of dominant-negative LIP may have a stronger
effect than that of active LAP. This is especially relevant in brown
fat, which is characterized by high levels of LIP. Furthermore,
the ratio of LAP/LIP in BAT has been reported to increase in
physiological situations of UCP1 gene expression induction, such
as acute cold exposure and perinatal development [22,23]. The
dominant-negative role of LIP upon regulation of the transcription
of the UCP1 gene promoter reported in the present paper supports
this hypothesis further.

In view of the above results, other mechanisms that control
thermogenesis may be affected in the BAT of C/EBPS-null mice,
in agreement with other experimental models of defective thermo-
regulation. Thus genetically obese ob/ob and db/db mice are also
sensitive to the cold, although the expression of the UCP1 gene is
normally induced during exposure to cold [42]. Furthermore, mice
with inherited defects of fatty acid oxidation show abnormal non-
shivering thermogenesis and BAT function, resulting in sensitivity
to cold [43]. The same cold-intolerant phenotype is found in mice
with a targeted inactivation of the gene for the f-oxidation enzyme
long-chain acyl-CoA dehydrogenase [43], indicating that defects
in BAT lipid metabolism can render mice cold-sensitive.

Our findings indicate that, although the mobilization of stored
substrates is normally induced, the overall supply of endogenous
fatty acids for thermogenesis is reduced in BAT of C/EBPB~/~
mice. This reduction is due to the lower triacylglycerol content.
The capacity of C/EBPS~/~ mice to accumulate lipid in BAT
during foetal life is also impaired [24]. Since C/EBP« and PPARy
are normally expressed in brown fat of foetal [24] and adult (pre-
sent study) C/EBPB~/~ mice, a specific role for C/EBPS in con-
trolling lipid metabolism in developing BAT can be suggested.

© 2005 Biochemical Society
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Figure 6 Effects of cold exposure on LPL gene expression and activity in
brown fat from wild-type and C/EBPB—/- mice

(A) LPL mRNA analysis. A representative Northern blot analysis is depicted beneath the
histogram. For experimental and Figure details see the legend to Figure 1. (B) Immunoblot
analysis of cytosolic/membrane protein extracts isolated from interscapular BAT from wild-type
(WT) or C/EBPB~/~ mice, exposed or not to 4°C for 4 h. Detected LPL and actin proteins in a
representative Western blot analysis are shown beneath the histogram. Results are representative
of three separate experiments. (C) LPL activity in interscapular BAT from control or cold-exposed
wild-type (WT) or C/EBPB~/~ mice as described above. Results are means + S.E.M. of six to
eight animals per group. Statistical significance of comparison between genotypes is shown as
**P < 0.01, and between control and cold-exposed mice as #P < 0.05, ##P < 0.01.

In addition to the endogenous supply of fuel for BAT thermo-
genesis, an increase in the provision of circulating substrates to
this tissue is also required during cold exposure. This external
supply involves (i) an increase in the uptake and utilization of
circulating triacylglycerols due to the induction of LPL activity in
BAT (see below), and (ii) mobilization of stored substrates, mainly
glycogen in liver to release glucose, and triacylglycerols in WAT

© 2005 Biochemical Society

to release non-esterified fatty acids. In contrast with previously
reported defective glycogen mobilization in liver and impaired
lipolysis in WAT of C/EBPB~/~ mice in response to starvation
[13] and during diabetes [14], changes in circulating metabolites
indicate that substrate mobilization in C/EBPS~/~ liver and WAT
is unaltered in response to cold.

In response to cold exposure, LPL activity is rapidly stimulated
in BAT through adrenergic pathways [44]. This involves an in-
crease in LPL mRNA expression [45,46], but also translational
and/or post-translational regulation [45] in the stimulation of LPL
activity. In contrast, LPL in WAT is under negative adrenergic
control [37], and a mechanism of regulation of translation by
adrenaline through trans-acting proteins interacting with the
3’-untranslated region of the LPL mRNA has been characterized
[47]. C/EBPB~/~ mice show reduced basal LPL activity in BAT,
but not in WAT, heart or skeletal muscle. Cold exposure causes a
similar increase in LPL mRNA in BAT of C/EBPA~/~ and wild-
type mice, indicating a normal response to adrenergic stimulation
in C/EBPB~/~ BAT. However, the concomitant rise in LPL activ-
ity in the BAT owing to cold is impaired in C/EBPA~/~ mice,
which is not due to an increased release of LPL into blood. In
contrast, the amount of LPL protein correlates with LPL activity,
indicating that the lack of C/EBPS specifically affects the post-
transcriptional regulation of LPL activity in BAT. A tissue-specific
control of LPL mRNA translation in BAT has been observed
recently [48]. Moreover, a distinct type of biological effects of
C/EBPp mediated by protein—protein interactions and unrelated
to transcription has been described previously (reviewed in [49]).
The direct or indirect mechanism by which C/EBPg is involved in
BAT-specific regulation of LPL gene translation deserves further
investigation.

In summary, reduced basal LPL activity can contribute to
lower triacylglycerol storage in C/EBPB~/~ BAT, whereas the
impairment in LPL activity during cold exposure results in de-
fective supply of fatty acids as fuel for thermogenesis in BAT.
This defective exogenous supply, together with the reduced endo-
genous supply of fatty acids, can impair thermogenesis in BAT.
In addition to their role as major substrates for oxidation, fatty
acids also have another relevant function in non-shivering thermo-
genesis: they activate the uncoupling activity of UCP1 by directly
interacting with the protein in the inner membrane of mito-
chondria [18]. Thus, together with the failure to provide fuel
for thermogenic activity, the impaired activation of UCP1 by
fatty acids can also contribute to the defective thermoregula-
tion in C/EBPB~/~ mice associated with impaired lipid meta-
bolism.
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